The stabilization of organic coatings by tin dioxide resulting in glass bottle lubrication was investigated on flat glass. The anchoring function of SnO 2 was assessed for a mixture of polyethylene and polymethylmethacrylate. Friction tests in air confirm the SnO 2 anchoring property with the maintaining of the lubricant effect due to the polymer over large sliding distances. The persistence of the polymethylmethacrylate stretching band ν C=O on significant sliding distances in infrared microscopy experiments shows that the polymer coating stabilization results from the strong adhesion of the polymer on SnO 2 . The impact of roughness and surface chemistry on the stabilization of the polymer coating was tested. The hal-00444094, version 1 -5 Jan 2010 Author manuscript, published in "Thin Solid Films (2009) 9, TSF-26981" DOI : 10.1016/j.tsf.2009 2 suppression of the lubricant effect by surface chemistry alteration or by roughness modification of SnO 2 suggests that roughness and surface chemistry of SnO 2 are both necessary for lubrication.
surfaces or oxides. The author concludes about the existence of stronger Brönsted acid sites and strong Lewis acid sites due to the metallic cations which explain why they interact with polar and nonpolar organic molecules more strongly than sodalime silica glasses. The stronger acid-base interactions between the primer and the polymer also result from the cation polarisability of oxides. Glass surfaces interact strongly with organic molecules only if they possess highly polar functional groups.
The more covalent character of tin dioxide determined by surface energy measurements of bare soda-lime silica glass and SnO 2 -coated glass supports this assumption [14] . Microextraction experiments of cold-end coatings such as modified polyethylene from SnO 2 -coated glass containers suggest that the organic layer is firmly anchored to the primer, but the existence of a polymer-SnO 2 interface chemistry is not evidenced [11] .
Many efforts have been made to optimize the scratch resistance or the internal bursting pressure of glass bottles. Optimal mechanical properties are mainly reported as a function of a combination of tin dioxide thickness and quantity of deposited polymer [1, 4, 10, 15] . However, the glass surface is roughened by the tin dioxide deposit [16, 17] , and the anchoring function of the primer would also be mechanical in nature as suggested by Pantano et al. [16] . Moreover, a rise of the primer roughness leads to an increased deposition of polymer and the oxide morphology also changes with its thickness [15, 18] .
From these observations and results, the roles of surface chemistry, roughness and morphology in the anchoring function of the primer remain unclear.
The purpose of this work is to understand why the SnO 2 primer is able to anchor the organic layer: are the morphology and roughness of the primer responsible or does the organic layer-oxide interface chemistry play a role? Moreover, concerning the hal-00444094, version 1 -5 Jan 2010 role of roughness in lubrication, could glass without primer also be able to act as an anchor for the polymer coating with an appropriate roughness?
The present paper is divided in two main parts. The first one is devoted to the evaluation of the anchoring function of the primer for the polymer coating. The primer is a rough tin dioxide deposited on flat glass by chemical vapour deposition (CVD) and the polymer is a mixture of polyethylene (PE) with a dispersion of polymethylmethacrylate (PMMA) spheres. Such a coated glass is considered as a reference in this study. The scratch resistance of the SnO 2 -coated glass is quantified through friction tests in air on a reciprocating ball-on-plate tribometer and is compared to that without primer after the polymer deposition. To understand the stabilization phenomenon of the organic layer by the primer, wear tracks resulting from friction on polymer-coated glass and polymer-SnO 2 coated glass were analyzed by infrared microscopy to follow the presence of the polymer. The wear tracks were also characterized by Nomarski optical microscopy and atomic force microscopy (AFM) in air to investigate the impact of the primer on the evolution of the polymer morphology due to the compressive and shear stresses. The second part is dedicated to the role of surface chemistry and roughness of the primer in the organic layer stabilization. The postulated mechanical anchoring of the polymer by the primer due to an increase in the surface roughness after the primer deposition on glass is evaluated with smoother tin dioxides deposited on flat glass as well as with a flat glass whose surface is roughened by a silica coating deposition. To suppress the strong acid-base interactions between the primer and the polymer, a thin silicon nitride layer is deposited on the rough CVD SnO 2 while preserving the original roughness of the primer. The scratch resistance of such coated glasses is quantified and compared to that of the rough primer after the polymer deposition.
hal-00444094, version 1 -5 Jan 2010
The study shows that the enhanced scratch resistance of the polymer-coated SnO 2 -CVD film on glass is due to the strong adhesion of the polymer to the primer, as revealed by the persistence of the PMMA stretching band ν C=O over large sliding distances. Good wetting results in well dispersed PMMA spheres on the surface and the strong adhesion leads to the formation of a continuous organic film under the mechanical stress by coalescence of flattened spheres. Moreover, the results suggest that the roughness and the surface chemistry of the primer are both necessary to the glass bottle lubrication. The large plastic deformation of PMMA spheres results from the combination of the surface roughness sharpness and shear due to strong adhesion.
Experimental

Methods
Friction experiments
Friction tests were performed on a reciprocating ball-on-plate tribometer (Plint T79) with a fused silica sphere as the ball specimen in ambient air. All experiments were carried out with an initial Hertz mean pressure Pm close to 450 MPa (i.e. a normal load F N of 9 N and a mean diameter of the ball specimen of 5.5 mm). Under these conditions, the theoretical contact width is 155 µm. Sliding velocity and length were fixed at 1 mm/s and 8 mm respectively. The ball specimens were made from silica rods (Won Ik Quartz) by melting the extremity with a blowtorch until a molten droplet of glass formed. Silica spheres were cleaned in an ultrasonic bath using four successive sequences of 15 min, respectively in detergent, distilled water, acetone 
Surface imaging and roughness characterization
The coatings morphology was examined prior to friction tests with a Digital Instruments Nanoscope III atomic force microscope in air. Surfaces were scanned in tapping mode at a resolution of 512×512 pixels, with a silicon nitride tip having an estimate stiffness of 0.06 N.m −1 . The RMS roughness R rms of inorganic coatings was calculated from AFM images analysis using the Nanoscope III software. For each coating, R rms was averaged from three different measurements over scanned areas of 1 µm 2 . AFM in tapping mode was also used to follow the impact of the CVD primer on the evolution of the organic coating morphology due to compressive and shear stresses. Scans were performed at different locations in wear tracks as a function of the cumulated sliding distance of the ball specimen in the test. Only half of each track from the edge to the center was characterized owing to the symmetric distribution of pressure in the contact as predicted by Hertz for a static ball-on-flat elastic contact [19] . Scans were conducted in such a way that half tracks were completely imaged.
The coatings morphology was also examined by scanning electron microscopy (SEM) (inorganic coating) and by differential interference contrast microscopy (Nomarki optical microscopy)(organic coatings and wear tracks). 
Polymer deposition
Prior to polymer deposition, the coated glasses were cleaned in an ultrasonic bath using two successive sequences of 10 min, respectively in absolute ethanol and distilled water. The glass without primer was irradiated for 1 h by a UV-Ozone flow after cleaning in the ultrasonic bath. The organic layer was deposited on the glass plates by dip-coating in laboratory, using a withdrawal speed of 50 mm/min. This procedure avoids the heterogeneous polymer distribution observed on the surface when sprayed in the factory. The organic deposition was followed by a heat treatment at 120 °C for 10 min to match with the industrial d eposit temperatures on bottles.
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Materials
Polymer emulsion
A diluted dispersion of PMMA spheres and PE in water was chosen. Such a polymer mixture is commonly used in cold-end treatment of glass bottles. The size distribution of PMMA spheres in the emulsion is narrow and centered around 100 nm, as determined by dynamic light scattering.
Substrates for the polymer coating
Different substrates for polymer deposition were used. The film thickness was evaluated by X-ray reflectometry or SEM. Designation and characterizations are as follows: (see Table 1 for justification)
(1) Glass: commercial flat soda-lime silica glass having the same Na 2 O content as in the bottle glass.
(2) R-SnO 2 : CVD of tin dioxide SnO 2 on (1), performed on site on a production line of glass bottles at a homogeneous glass surface temperature of 570 °C with the same deposition parameters used for glass bottles. The coating is crystallized [20] and has a thickness of a few tens of nanometres, in the range of the usual SnO 2 CVD film thicknesses on glass bottles [10] .
To modulate the roughness and surface chemistry of the substrate for the polymer coating, reactive d.c. magnetron sputtering of amorphous inorganic coatings were carried out in the laboratory. The substrate holder temperature was maintained at 25 °C during the deposition. These inorganic coa tings consisted in:
(3) S-SnO 2 : tin dioxide on (1), with a thickness of 5 nm.
(4) r-SnO 2 : same as (3) followed by annealing at 570 °C durin g 5 h for crystallisation [20] .
(5) R-SiO 2 : silica on (1), with a thickness of 475 nm.
(6) R-Si 3 N 4 : silicon nitride on (2), having a thickness of 5 nm.
Morphology and roughness of substrates for the polymer coating.
R rms roughnesses are reported in Table 1 .
(1) Glass: typical defects of float glass surface (rings) are present and randomly distributed [17] . Their height does not exceed 0.8 nm and controls the R rms roughness.
(2) R-SnO 2 : the glass surface has been roughened by the SnO 2 CVD deposit, in agreement with the observations of Pantano et al. [16, 17] . The coating is rough and structured due to discrete facetted grains whose average size is close to 27 nm ( Fig.   1a-b) . The discrete facetted oxide grains lead to the sharp variation of heights of the AFM section profile (Fig. 1c) . The film is also characterized by empty volumes or holes (black features) which are randomly distributed (Fig. 1a) . Hole depth is of the same order of magnitude as the coating thickness, i.e. a few tens of nanometres.
These features are also present on SnO 2 -coated glass bottles [16, 21] . They are created by the dissolution of the sodium chloride crystals formed during the deposition [21, 22] , when bottles are annealed and cold-end coated. primer which has no particular structure but the ring defects of glass are still visible owing to the small oxide coating thickness ( Fig. 2a-b) . Their height does not exceed 0.8 nm (Fig. 2c ) and the rings control the coating roughness. (4) r-SnO 2 : annealing of the sputtered SnO 2 film on glass has roughened the surface (Fig. 3a ) and formed grains with some distribution (18 nm -39 nm) (Fig. 3b-c) . The ring defects of glass are still visible (Fig. 3a) . The AFM section profile does not evidence sharp variation of heights indicating that grains are not facetted as in the case of the CVD film (Fig. 3c) . hal-00444094, version 1 -5 Jan 2010
(5) R-SiO 2 : the sputtering of a silica layer on glass has roughened its surface. Silica coated glass is characterized by a thin structure due to small grains having a diameter which can be as large as a few tens of nanometres. The grains are gathered in clusters which are not well defined (Fig. 4a-c) . 
Results and discussion
Organic layer stabilization by tin dioxide
A first step was to assess the anchoring function of the tin dioxide for the polymer coating. The scratch resistance of R-SnO 2 and glass without primer are compared after the polymer deposition.
Morphology of polymer on R-SnO 2 and glass
At the AFM scale, the morphology of polymer coatings is only described by the dispersion of the PMMA spheres on surfaces. PMMA spheres are mainly individual and rather well distributed on R-SnO 2 (Fig. 6a) , while forming large clusters of variable sizes on glass (Fig. 6b) . 
Friction behaviour of polymer on R-SnO 2 and glass
Wear track analysis
Infrared microscopy results
To understand the stabilization phenomenon of the organic layer by the primer, the evolution of the amount of the polymer due to the mechanical stress was investigated on polymer-coated R-SnO 2 and polymer-coated glass before substrate damage. Infrared spectra from wear tracks obtained after short friction tests duration (one pass, 1 and 2 cycles) on polymer-coated glass are reported in Fig. 8 . The intensity of ν CH2 and ν C=O can increase or significantly be reduced from one point to the other in the track after one pass, but these bands are no longer detected after 1 cycle wherever the location in the track. A similar trend is observed when the friction test is repeated at different locations on the coating.
In the presence of tin dioxide, the evolution of ν CH2 is difficult to follow as the signal to noise ratio recorded before friction is weaker than the one recorded on glass (not shown). Therefore, infrared results were only focused on the evolution of the hal-00444094, version 1 -5 Jan 2010
carbonyl band intensity of PMMA, i.e. within the first 2 cycles and when µ has reached a given value in each stage of the friction evolution. As shown in Fig. 9 , the ν C=O intensity remains stable within the first 2 cycles and the stretching band is detected as long as µ does not exceed 0.2. hal-00444094, version 1 -5 Jan 2010 
Nomarski optical microscopy and AFM results
Initial stage of friction: onset of wear on glass
A heterogeneous build up of polymer is observed after one pass on the polymer-coated glass. Aggregates with sizes as large as 20 µm have formed (Fig.   10a ). Their sizes are larger than those formed during the deposit and are made of flattened PMMA spheres which have coalesced (Fig. 11a) . covering about half of the wear track (Fig. 11c) . The polymer alignment starts in the center of the track where the pressure is maximal [19] .
Initial stage of friction: onset of lubrication on R-SnO 2
After one pass on the polymer-coated R-SnO 2 , aggregates have not formed (Fig. 10b) as on glass but infrared microscopy confirms the presence of the polymer which masks the tin oxide grain boundaries (Fig. 11b) . AFM observation and infrared results suggest that the polymer forms a continuous film compared to the clusters built up on glass. The film starts to coalesce in the center of the track and already covers about half of the track after one pass. After 2 cycles, the film becomes more homogeneous. Regions which were free of PMMA are gradually covered by the polymer, suggesting a large plastic deformation of the film. When µ has reached a stable value in the first stage of the friction evolution, the film is still present in the track, as confirmed by infrared results and homogeneously distributed. The film is very smooth, as evidenced by the flat section (Fig. 11e) and has expanded towards edges to cover the whole track. 
Discussion
Without primer, the fast disappearance of the carbonyl stretching band of PMMA and the CH 2 stretching bands of PE in infrared microscopy evidences a weak adhesion of the polymer on glass. This induces a high mobility of the polymer under the mechanical stress. Large aggregates are built up and are quickly removed from the contact, resulting in the absence of scratch resistance. On the other hand, the persistence of the PMMA stretching band ν C=O over large sliding distances on tin dioxide-coated glass highlights a strong adhesion of the organic layer on the primer.
The mobility of the polymer is then considerably reduced and a continuous film is formed under the mechanical stress. This leads to a significant scratch resistance of hal-00444094, version 1 -5 Jan 2010 the coated glass. Glass and R-SnO 2 have both acidic surface OH groups which are effective sites for organic adsorbates [23] . However, the strength of Brönsted acidity of hydroxyl groups is increased by the metallic cation, the presence of which enhances the O-H bond polarisation as well as results in strong Lewis acid sites [13] .
Therefore, the basic carbonyl oxygen in the ester groups of PMMA can coordinate by H-bonding with the acid sites more strongly on tin dioxide than on glass [24] . In the specific case of the non polar PE which is reported to adhere weakly on glass [13] , its C-C double bonds may coordinate with the Lewis sites. However, according to the slow decrease in the ν C=O intensity, the strong adhesion of the organic coating on R- contaminated with organic residues [28, 29] . The high friction recorded for the silicaSnO 2 contact without surface contaminants (µ ≈ 0.55-0.6) is considerably reduced due to their lubricant effect [30] [31] [32] .
Respective roles of roughness and surface chemistry of tin dioxide in the organic layer stabilization
The deposition of a crystallized tin dioxide film on glass has roughened the surface, modified the surface chemistry as well as the surface morphology. In order to identify the parameters which are responsible for the stabilization of the polymer layer, the effect of roughness and surface chemistry was assessed on flat glass with different coatings. The friction behaviour of R-SiO 2 and R-Si 3 N 4 is reported in Fig. 7 , and Fig. 12 compares the friction results for S-SnO 2 and r-SnO 2 , after polymer deposition.
Morphology of polymer on S-SnO
Whatever the coated glass, the friction averaged on the first cycle is low compared to the friction between silica and glass or SnO 2 (cf. 3.1.2). R-SiO 2 behaves like glass. hal-00444094, version 1 -5 Jan 2010
The suppression of the strong acid-base interactions between CVD SnO 2 films and the polymer by a silicon nitride deposit has instantaneously inhibited the anchoring function of SnO 2 . These results suggest that the polymer-oxide interface plays a role in the stabilization of the organic layer, insofar as the R rms roughness of the surface was preserved. Glass roughening by a silica layer has no impact on the polymer anchoring, but the polymer stabilization by a rougher glass is not excluded.
S-SnO 2 and r-SnO 2 are both able to anchor the polymer on surface, but the scratch resistance is improved when the tin dioxide roughness increases, suggesting that the primer roughness also contributes to the stabilization of the polymer layer. The highest scratch resistance is obtained on the roughest tin dioxide and this trend agrees well with the suggestion of Pantano et al. [16] about the mechanical anchoring function of the primer for organic coatings. Moreover CVD SnO 2 films differ from the smoother primers by their sharpened roughness. Therefore, two possible parameters can control the large plastic deformation of PMMA spheres leading to the lubricating film, i.e. the sharpness of SnO 2 roughness and shear due to the strong adhesion of the polymer on the primer. A schematic view of the film formation mechanism is presented in Fig. 13 . Such a cooperative effect has been also reported in the case of electrically conductive polymers deposited on oxidized metals such as titanium oxides [36] . The weak adhesion of polymer noticed on the pure metal is strongly enhanced after the metal pre-oxidation which simultaneously induces a change in surface chemistry as well as an increase in the roughness of the surface.
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Conclusion
The stabilization of organic coatings by CVD SnO 2 films (primer) resulting in 
